• Influence of the solar radiation on thermal comfort is examined using a solar ray-tracing algorithm.
INTRODUCTION
The primary goal of the planning of the heating and cooling of an indoor working space is to find adequate microclimate conditions for occupants. This implies a thermodynamic balance between the human body and the environment. The balance and the perception of thermal comfort depend on several physical quantities that can be grouped as person-related (metabolic rate, clothing insulation) and environment-related (air temperature in the room, air humidity, local air velocity and the surface temperature of the surrounding walls, windows, and heating surfaces). These parameters must be appropriately combined in order to achieve a satisfactory thermal environment. Fanger et al. [1] presented a model that predicts the sensation of the draught as a function of air temperature, mean velocity, and turbulence intensity. Olesen and Parsons [2] presented the revision of EN ISO 7730 based on requirements for general thermal comfort (operative temperature and predicted mean vote) and local thermal discomfort (radiant temperature asymmetry, draught, vertical air temperature differences, and floor surface temperatures).
Designers of A/C system can choose between many different A/C unit types and setups. Alternative solutions also exist, such as those presented by Stritih and Butala [3] in which phase change materials are used for cooling and ventilation or Dovjak et al. [4] where low exergy H/C ceiling radiative panels and conventional systems with electric heaters and cooling split systems with indoor units are compared regarding individual thermal comfort conditions. Numerical simulations aid in selecting the most appropriate solution, giving the designer an opportunity to check in advance what level of thermal comfort can be expected to be produced in the given space. For those reasons, it is essential to develop optimally simple yet reliable numerical tools that can accurately simulate real spaces and the physical processes in them.
From a computational perspective, airflows in enclosed spaces are very complex. In the context of heating or cooling in warm climates, these flows are buoyant; in some cases, buoyancy drives the mean flow motion. In reality, most airflows are inherently three-dimensional and unsteady. Due to these characteristics, airflows in rooms present a great challenge to the available numerical models.
In recent years, extensive research efforts have been made in the development of general fluid flow and heat transfer software for solving the flow of air in enclosed spaces. Rutman et al. [5] and [6] and Wolf [7] give extensive insight into using numerical modelling tools for improving indoor environment quality, component optimisation, and complete system optimisation. Weather forecasting, including solar radiation, can be incorporated to decrease the energy demand of cooling systems using intelligent
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control as in the paper by Dovrtel and Medved [8] , in which a free-cooling system combined with heat storage is shown, and the method of incorporating weather forecasts into the control system is presented.
With the constant progress of central processing units' (CPU) power, three-dimensional models of enclosed space with detailed geometry can now be modelled according to thermal comfort predictions with sufficient accuracy, as by Kuznik et al. [9] where CFD methods are used to investigate the velocity and temperature fields in a mechanically ventilated enclosure. Sevilgen and Kilic [10] performed a threedimensional steady-state numerical analysis of the room heated by two-panel radiators and Aziz et al. [11] experimentally and numerically investigated performance of vortex, round, and square ceiling diffusers.
The objective of the study presented here is to determine the impact of the solar radiation source on the cooling performance of the wall-mounted A/C unit and thermal comfort conditions using the computational fluid dynamics (CFD) modelling method. The space under consideration is an office with one south-oriented external wall.
STUDY SETUP AND METHOD
A numerical model of the solar radiation through the window has been verified experimentally prior to analysing the effect of the radiation on the thermal comfort parameters in the space, by comparing the measured and calculated floor temperatures in the area exposed to direct solar radiation. The temperature measurements of the floor area have been carried out using the thermal imaging camera FLIR ThermaCAM S65. Results for indoor air flow velocity, temperature distribution, mean radiant temperature (MRT) and predicted mean vote (PMV) values are presented and compared for four different cases regarding air flow inlet angles from the A/C unit and solar radiation. The impact of the direct solar radiation through the window is verified with a thermal imaging camera.
Thermal Comfort Evaluation
Thermal comfort can be evaluated using different comfort indices, among which the predicted mean vote and predicted percentage dissatisfied (PMV/PPD) model and adaptive comfort approach (ATC) are well established and frequently used. For mechanically conditioned spaces, the PMV/PPD model should be used [12] and [13] . For offices and other spaces with sedentary workers, the requirement for mechanically air-conditioned buildings (based on the PMV/PPD model-category II) is an operative temperature range in winter 20 °C to 24 °C and 23 °C to 26 °C in summer. Thermal comfort also depends on the vertical temperature distribution in the room. The recommended vertical air temperature difference between 1.1 m and 0.1 m above the floor (at the head and at the ankle, respectively, of a person in the sitting position) or between 1.7 m and 0.1 m above the floor (at the head and at the ankle, respectively, of the person in an upright position) is less than 3 °C, ISO 7730:2005 [14] . According to [15] , the most comfortable state is when the floor temperature is the same or slightly higher than the air temperature in the upper level. To avoid local discomfort, [13] and [14] recommend the air temperature difference between head and ankle to be less than 3 K. The state of thermal comfort cannot be determined simply by knowing the air temperature in the room.
A human body is constantly exchanging radiant heat with all the objects that surround it due to the temperature differences between them. The MRT of a space is the measure of the combined effects of the temperatures of the surfaces within that area of the human body. It is defined as the uniform temperature of an imaginary enclosure in which the radiant heat transfer from the human body is equal to the radiant heat transfer in the actual non-uniform enclosure [16] . The larger the surface area and the closer the person is to it, the more influence surface temperatures have on the individual. The mean radiant temperature, thus, changes with the position in the room and with it the corresponding air temperature, which provides thermal comfort.
Air-flow velocity is another important factor in determining thermal comfort because increased air velocity can cause discomfort due to increased convective heat transfer from the surface of a human body [14] , limits local air flow velocity in offices and spaces where no major physical activities occur at 0.15 m/s during the winter (heating periods) and 0.25 m/s during the summer (cooling periods). The sense of draft is more pronounced with decreased physical activity. Furthermore, discomfort caused by draft increases with air temperature drops. Contrarily, if air velocity in an enclosed space is too low, it could cause a feeling of stuffiness and bad odour especially in winter (heating periods). It is, therefore, necessary to assure the optimal level of air circulation in the room.
The problem of indoor thermal comfort is sensitive to other physical parameters, in the cases of room environments with and without occupants. The existence of a thermal occupant was found to produce thermal plume approximately 15% stronger in magnitude than that from an unoccupied room [17] .
Study Setup
An empty office with the double glazed window facing south is modelled. Characteristic dimensions of the room and the window are given in Fig. 1 . Four different cases regarding air flow inlet angles from the A/C unit and solar radiation on external surfaces and through the window are simulated and examined (Table 1) . A few simplifications are made in the numerical model to decrease the number of control volumes needed to discretize the domain and, accordingly, accelerate the calculation. Internal obstacles such as office desks and cabinets are ignored. There are no additional heat sources in the room such as occupants, computers, monitors, etc. Based on the known surrounding air temperature, convection boundary conditions are used to calculate heat transfer to the external surfaces. Where surfaces are exposed to the sun, radiation heat transfer is included. A numerical simulation is conducted for the most extreme case on the summer solstice at 13.00 in Rijeka, Croatia. Solar data for that day are given in [18] : direct solar radiation, 715 W/m² and diffuse solar radiation, 185 W/m². Assumed radiation properties of the wooden parquet and clear double-glazed window are used in the model and are given in Table 2 . The U-value of the wall and the U-value of the double-glazed window, are estimated as 0.4 W/(m²K) and 2.2 W/(m²K), respectively. The interior walls of the surrounding rooms are modelled with convection boundary conditions. It is assumed that the surrounding rooms (upstairs, downstairs and side rooms) have the same air temperature of 26 °C, corresponding to the indoor design temperature. The outdoor temperature is 32 °C, defined as the dry bulb temperature corresponding to 0.4 % of the annual cumulative frequency of occurrence and the mean coincident wet bulb temperature for Rijeka, Croatia. Constant air flow velocity was taken as the inlet boundary condition on the wall-mounted A/C unit with the following parameters: the inlet air velocity v in = 2.0 m/s, the inlet air temperature T in = 20 °C, and the air flow inlet angle φ = 0°/45°. In the PMV calculations, it is assumed that the metabolic rate is 1.2 met for sedentary activity (office), clothing insulation is 0.6 clo (trousers and shirt) with relative humidity assumed to be 50%.
Governing Equations
Transient solutions tend to be numerically more stable and often converge when solution controls are too restrictive to tend towards a steady-state solution. This is the case with high Rayleigh number flows in which the guidelines are to use time-dependent approach [19] . The problem of heat transfer and fluid flow in the space is solved using a mathematical model of the unsteady three-dimensional turbulent flow of incompressible fluid which is described with the general differential equation:
where variable j represents the velocity components u, v, w and the temperature T. In addition to the forced convection imposed by the wall-mounted A/C unit, the importance of buoyancy effects should be determined. The ratio of the Grashof and Reynolds numbers is:
The ratio exceeds unity, showing that a strong buoyancy effect in the flow could be expected. Performances of different turbulence models in similar studies were examined in [20] . Turbulence was modelled using the realizable k-ε model, which consists of the transport equation for turbulent kinetic energy, and its dissipation rate and includes the generation of turbulent kinetic energy due to buoyancy effects. The values of model constants [21] are given in Table 3 . The system of transport equations was solved using the FLUENT CFD software, based on the finite volume method [22] . Heat transfer from the surroundings to the outer surface of the walls and window, due to convection and radiation, is defined as [21] :
the second term in Eq. (3) represents the radiation term and is accounts for surfaces exposed to sun radiation. The radiation temperature T ∞ is determined so that radiative heat flux on the external surface is 375 W/ m², taking into account the angle of the sun of 68°. Heat flux through the walls and window is calculated from [21] :
where Δx is the thickness of the wall/window with constant thermal conductivity λ. The external heat transfer coefficients α ext , in Eq. (3) for the wall and the window is calculated as 0.6 W/(m²K) and 6.5 W/(m²K), respectively. The radiation energy source that results from incident solar radiation passing through the window is predicted with the solar ray tracing algorithm [21] . It uses the sun's position vector and two irradiation parameters, direct and diffuse solar irradiation, to set solar intensity. The resulting heat flux is coupled to the FLUENT calculation via the source term in the energy equation. The solar ray tracing algorithm also accounts for internal scattered and diffusive loading. The reflected component of direct solar irradiation is applied to all internal surfaces of the enclosed space.
Mean Radiant Temperature Calculation
The MRT calculation consists of the determination of view factors F p , in every point of the room where MRT is to be calculated. It is based on the geometric position of the irradiated surface (human body) surrounded by surfaces with different temperatures, [16] . MRT should be calculated in relation to the human body surface area and orientation, but such a calculation is highly complicated. For simplicity, it is reduced to the point in space that is located in the human centre of gravity. The view factor for a very small surface area on the wall A i , from an arbitrary point in space (x, y, z) can be calculated as:
where ′ A i is the projection of the surface area A i to the sphere of radius r = 1 (Fig. 2) .
Fig. 2. View factors calculation
The projection area is then calculated as:
where t is the distance from the originating point to the wall. When wall surfaces have a high emittance (ε), they can be assumed to be black, and thus the following equation for MRT can be used [23] :
To be valid, the wall surface area A i should be adequately small. Using CFD software, such as FLUENT, allows for very small surface areas to be defined on walls so that this condition for view factor calculation is fulfilled. The user-defined function (UDF) was created and incorporated in FLUENT solver to calculate MRT in post-processing based on previously calculated wall surface temperatures. Different face mesh sizes were examined to determine the optimal value of surface area A i regarding calculation time and discretization error. Four different mesh sizes with surface areas of 50 cm × 50 cm, 25 cm × 25 cm, 10 cm × 10 cm, and 5 cm × 5 cm were considered. Based on the results on calculated mean radiant temperatures for enclosed room with dimensions 5 m × 3 m × 2.5 m and arbitrary wall temperatures (Fig. 3) , where maximum percentage error is about 0.7 % between cases 3 and 4, the optimal value for A i is taken to be 10 cm × 10 cm as in Case 3. 
Model Verification
Verification of the solar ray tracing algorithm was conducted prior to analysing the effect of the solar radiation source on the thermal comfort conditions in the room. The temperature measurements of the floor area exposed to direct solar radiation through the window are done using the FLIR ThermaCAM S65 thermal imaging camera. Due to weather conditions, it was not possible to collect data exactly on the summer solstice, instead measurements were carried out on a clear sunny day on the 9 th of July at 13.00 which is close to the most extreme case examined in the paper. To avoid reflections from the floor, a piece of cardboard was used to cover the entire window a moment before acquiring the thermogram. The modest resolution of the thermal imaging camera (320 pixels × 240 pixels) limited the target area to a square of approximately 1 m × 1 m. The acquired temperature field is compared with the temperature field of the same area calculated with CFD software. The photograph and thermogram of the target area are given in Fig. 4 , and the calculated temperature field of the same area is given in Fig. 5 . The measured and the calculated data show similar temperature fields as can be seen in Figs. 4 and 5. 
RESULTS AND DISCUSSION

Solar Radiation Source Not Included
The room is cooled by the cold air with an air inlet angle set to 0° from horizontal (Case A) and 45° from horizontal (Case B). In both cases, direct solar radiation through the window is not included in the calculation. By observing only the indoor air temperatures (Fig. 6 ) and air flow velocities (Fig.  7) , both cases lead to satisfactory thermal comfort conditions regardless of the air flow inlet angle. When comparing the vertical temperature distribution in the middle of the room (Fig. 8) , Case A leads to a more comfortable state where the temperature difference between z = 1.1 m and z = 0.1 m (at the head and at the ankle of a person in the sitting position) or between z = 1.7 m and z = 0.1 m (at the head and at the ankle of a person in an upright position) is negligible. In Case B, the air temperature is about 1°C lower at the floor level than at the head level, which is not recommended. It is a consequence of the cold air flowing downward from A/C unit resulting with the air stratification. Fig. 9 shows the MRT profile at z = 0.6 m, corresponding to the chest level of a human in a sitting position. It can be seen that it does not change significantly with the air flow inlet angle, because (Fig. 10) . It can be seen that PMV values are within the recommended values for Category II of indoor environments as defined by [12] at all levels (-0.5 < PMV < +0.5).
Solar Radiation Source Included
The room is cooled the same way as in Section 2.1 but with direct solar radiation through the window included in the calculation (Case C and Case D). The solar altitude is set to 68°, matching an angle at summer solstice at noon on a latitude of approximately 45° North (Rijeka, Croatia), which represents the worst case scenario. As the sun's rays enter the room, they hit the floor at approximately 0.5 m from the window where the region of increased temperature is created. This region significantly affects the room temperature and flow field. As can be seen from Fig.  11 , the cooling capacity of the same presented A/C unit is no longer sufficient to achieve thermal comfort conditions in the room, as the mean room temperature is about 4 °C higher when solar radiation is included in the calculation. Furthermore, the larger temperature difference between the surrounding air in the room and cold air from the A/C unit results in a different air flow field. In Case C (Fig. 12) , it can be seen that, as opposed to cases without solar radiation (Fig. 7) , the stream of cold air from the A/C unit drops much sooner due to a smaller buoyancy force, i.e. larger air temperature difference.
The mean radiant temperature profile, as seen in Fig. 13 , is greatly affected by the high-temperature region on the floor (Fig. 14) . MRT is also affected by the air flow inlet angle, as can be seen in Case D in which cold air from the A/C unit flows right over the heated region and, as a result, lowers its temperature by about 6 °C. In Case C, such an effect is not present because cold air from the A/C unit passes much higher over the heated region on the floor.
Based on the calculated temperature and air flow field, Case D leads to more comfortable thermal conditions; therefore, PMV values are calculated for that case. PMV values are displayed at three different heights, z = 0.6 m, z = 1.1 m and z = 1.7 m (Fig. 10) . It can be seen from Fig. 15 that PMV values are much higher when solar radiation is included and that the recommended values are significantly exceeded even for category IV of indoor environments, as defined by [12] .
As the quality of the installed windows is very low, such results were more or less as expected. To be able to cope with the increased air temperature in the room the cooling capacity of the wall-mounted A/C unit should be appropriately increased. As an alternative, high reflectivity window films could be used but they also block the sun's heat in the winter. Shading is often implemented to protect against overheating during the warm months. Most shading devices are attached to the exterior of the building, such as overhangs and louvers. It has to be emphasized that the implemented numerical simulation includes some simplifications as mentioned before. It was found in [17] that the presence of furniture in the room could induce complicated flow re-circulations and high local air velocities around the edges of the furniture. The study also showed that there was little influence on room temperature and airflow buoyancy strength compared with that of an empty room. Including occupants, however, did have an impact on the temperature field through the formation of strong thermal plumes, with increased air temperature in comparison to the case of the unoccupied room. 
CONCLUSION
In this paper, cooling of the indoor space is simulated using CFD software. Numerical analysis is used to calculate the fluid flow and the heat transfer in an indoor space. A steady state solution was achieved using an unsteady solver and resulted in air temperature distribution, mean radiant temperature, and air velocity field with or without the influence of solar radiation through the window. No additional heat sources were present in the room.
A theoretical analysis has shown that when certain boundary conditions are met, average values of air temperature and air flow velocity in the room can be in an acceptable range, although local distortions from standard optimal comfort values could exist. Considerable differences in thermal comfort conditions are observed in cooling periods, taking into account solar radiation through the window. In cases where solar radiation is included in the simulation, average temperatures in the room are approximately 4 °C higher than in cases without a solar radiation source. Furthermore, some differences were observed depending upon the air flow angle from the A/C unit, where a temperature drop in the lower layers occurred due to buoyancy effects. In this case, to eliminate the buoyancy effects, it is necessary to increase the air flow velocity from the A/C unit, which could lead to local air velocity distortions resulting in disturbed optimal comfort values.
Both measurement and CFD modeling revealed significant temperature rises of the floor area directly exposed to the sun. Although, a relatively small area, it greatly influences comfort conditions by raising the average temperature of the air and by introducing strong buoyancy.
Even though the simulation of the room is simplified by omitting occupants, furniture, and additional heat sources, it could be concluded that solar radiation is a very important factor in estimating comfortable thermal environments. To properly predict heat balance and comfort conditions in the room, it must be included in numerical simulations.
The presented numerical analysis can be relatively easily expanded to similar technical problems from the field of heating, ventilation and air-conditioning. It could also include air humidity internal heat sources, such as people, computers, monitors, etc. Furthermore, time-dependent boundary conditions could be included as a variable air flow outlet angle achieved by swinging flaps on an indoor A/C unit. Including those factors leads to more realistic simulations but a major limiting factor in simulating such, more complex problems is the available CPU power, i.e. calculation time. 
NOMENCLATURE
